studies of gut communities of higher organisms (Moore & Holdeman 1974; Hungate 1975) suggests that the guts of many insects should also harbour diverse microbial communities comprised of many types of bacteria, some with unique physiological requirements. In fact, several reports show that strict and facultative anaerobic Eubacteria as well as Archaebacteria and Protozoa inhabit the gut of certain insects, e.g. termites and cockroaches (Ulrich et al. 1981; Breznak 1984; Cruden & Markovetz 1987; Breznak & Brune 1994; Ohkuma & Kudo 1996; Paster et al. 1996) . The functional disruption of gut microbiota by feeding antibiotics or axenic-rearing techniques have supported the hypothesis that microbial symbionts play key roles in complementing the nutrition of their host (Bracke et al. 1978; Kaufman et al. 1989; Kaufman & Klug 1991) . Thus, perturbations that disrupt the community structure of gut microbes could adversely affect the nutrition of the insect.
While some studies have reported on diets affecting some gut-community functions of insects, e.g. methanogenesis, fewer studies have attempted to link functional changes to population shifts. In one such study the investigators noted a decrease in streptococci and lactobacilli inhabiting the foregut of cockroaches after a switch to low protein-high-fibre diets, which was accompanied by a decrease in the rate of lactate and acetate production (Kane & Breznak 1991) . In contrast, methanogenic activity was found to increase in the hindgut of cockroaches fed the same diet, although methanogen population levels were not measured directly. Studies with crickets have shown that total microbial densities do not significantly change with changes in the host diet (Santo Domingo 1994) , even though the profile of fermentation products may change (Kaufman & Klug 1991) . It has been shown that microbial degradation of dietary soluble carbohydrates fluctuates with diet treatments in crickets (Kaufman 1988) , and that the microbial response to levels and types of dietary carbohydrates serves to maintain a relatively constant supply of fermentation products to the insect (Kaufman & Klug 1990) . However, it is unknown whether the microbial response is a product of shifts in bacterial populations or shifts in metabolic activity of the existing populations. To address this question, we tested the hypothesis that changes in insect diet result in changes in the composition of the gut microflora, that in turn lead to changes in fermentation processes. This was accomplished by comparing the bacterial community structure in the hindguts of crickets fed different diets by measuring the distribution of guanine plus cytosine (% G + C) content in DNA fragments extracted from the gut community. This approach is comprehensive for all community members, whether culturable or not, and provides an approximate family-to genus-level resolution of community composition (Holben & Harris 1995; Holben et al. 1998) . In addition, rates of production of fermentation products in the hindgut were measured as an index of microbial community function.
Materials and methods

Cricket diets and gut preparation
House crickets (Acheta domesticus) were reared in the laboratory until adults on a diet of Purina cricket chow. The crickets were incubated under a 12-h light, 12-h dark cycle in an environmental chamber at 30°C and 60% relative humidity. Crickets were then shifted to one of the following three diets: ground alfalfa hay, ground pulp from sugar beet roots, or an artificial protein diet (40% casein, 50% alphacel fibre) based upon that used by McFarlane & Distler (1981) for rearing A. domesticus. Alfalfa and pulp diets were amended with salts and vitamins as in the protein diet. Crickets maintained on chow were used as controls. Water-soluble carbohydrates (Dubois et al. 1965) were 50%, 51%, 20%, and < 5% of the total dry weight for chow, pulp, alfalfa, and protein diets, respectively. Soluble carbohydrate/protein ratios were 5:1, 2:1, 1:1, and 1:5 for pulp, chow, alfalfa, and protein diets, respectively. Overall, the diets represented a range of nutritional levels likely to be encountered by omnivorous insects. A separate batch of crickets fed on chow were exposed for 5 days to metronidazole incorporated in the water supply (300 µg/mL) (Cruden & Markovetz 1979) . After 5 days of these diets, crickets were sacrificed and the hindguts were surgically removed under a dissecting microscope using fine forceps.
Bacterial densities
Hindguts were homogenized in phosphate-buffered saline (PBS; pH 7.2) using a sterile tissue grinder. Samples were transferred to microcentrifuge tubes and vortexed for 30 s. Direct counts were performed using subsamples of hindgut homogenates fixed in 3.7% formaldehyde-PBS solution and stained with 0.01% acridine orange as suggested by Hobbie et al. (1977) . Samples were filtered through a 0.2-µm pore size Irgalan black prestained polycarbonate membrane (Costar, Nuclepore Filtration Products, Cambridge, MA). Membranes were placed on a microscope slide and stored at 4°C in the dark until analysed. Fluorescing cells from 10 randomly selected fields were counted using a 63× oil-immersion objective on a Leitz Orthoplan 2 epifluorescence microscope. Differences in direct counts were evaluated by a one-way ANOVA. Levels of significance were P < 0.05.
Fermentation metabolites
Hindguts were quickly removed and placed individually in preweighed 2 mL Vacutainers® under an oxygen-free N 2 headspace. Six replicate hindguts from each diet treatment were weighed, incubated for 3 h at 30°C, and analysed for H 2 and CO 2 using gas chromatography (Lovley & Klug 1982) . Samples were frozen in the vials by immersion in liquid N 2 immediately after headspace sampling, and aqueous extracts were later analysed for short-chain fatty acids using high-performance liquid chromatography (HPLC) (Lawson & Klug 1989) . Three replicates from each diet were treated as above but without incubation to determine initial (time-zero) levels of fermentation products. Only data for those compounds which showed significant production (slope from regression analysis) during the incubation period are presented. Concentrations and percentages of fermentation products were compared after suitable transformation with standard ANOVA techniques. Levels of significance were defined as P < 0.05 unless otherwise indicated.
Microbial community DNA extraction
To separate bacteria from the eukaryotic tissue, 15 homogenized hindguts were quickly spun (1 s) using a microcentrifuge. The supernatant was then carefully removed and used to extract the hindgut microbial community DNA. Microscopic examination of the supernatant revealed that the gut tissue was efficiently removed using this approach, thus minimizing the potential contribution of host DNA to the final pool of nucleic acid. Other potential sources of eukaryotic DNA are unlikely as protozoa and fungi do not normally inhabit the hindgut of most of the species of crickets examined, including A. domesticus (Ulrich et al. 1981) . Direct counts indicated that 78% of the bacterial cells in the original gut homogenate were recovered using this approach, indicating that only a minor portion of the community was removed with gut-wall debris (data not shown).
To concentrate the microbial cells, the supernatant was collected and centrifuged for 5 min at 6800 × g. Genomic DNA was extracted from the bacterial pellet following the procedure described by Visuvanathan et al. (1989) , but modified as follows: no heat treatment was employed as the bactericidal agent; instead, 2% sodium azide (final concentration) was used. Incubation times for the subtilisin, lysozyme, and pronase treatments were reduced to 7, 3, and 7 h, respectively. Phenol/chloroform extractions were performed following a hexadecyltrimethylammonium bromide (CTAB; Sigma, St Louis, MO) pretreatment (Ausubel et al. 1987) . The organic phase was treated with RNase A (Sambrook et al. 1989) , followed by an additional phenol/chloroform extraction. To precipitate the DNA, samples were mixed gently with isopropanol (0.6 vols) and stored at -20°C for 16 h. Samples were centrifuged at 4°C for 15 min at 8000 × g and the supernatant was carefully removed. The precipitated DNA was allowed to air dry, dissolved in sterile deionized water, and stored at 20°C until analysed.
Direct counts and viable counts were performed prior to phenol/chloroform extractions to determine the celllysis efficiency of the DNA-extraction methods. Viable counts were determined as colony-forming units using Trypticase Soy Agar (Difco) plates and incubating at 24°C for 3 days.
Percentage G + C profiles
A modified version of the CsCl-bisbenzimide method developed by Holben & Harris (1995) was used in this study. Approximately 50 µg of bacterial community DNA was added to a CsCl solution of refractive index (RI) of 1.4000 and adjusted to a final RI of 1.3990. Bisbenzimide (Sigma) was added (10 µL from a 1 mg/mL bisbenzimide stock solution) to the CsCl-DNA solution, mixed well, and transferred to 6-mL ultracentrifuge tubes. Samples were centrifuged at 110 000 × g for 72 h using a TFT65.6 fixedangle rotor on a Sorvall OTD55B ultracentrifuge (Sorvall Instruments, Wilmington, DE). Two replicate CsCl-bisbenzimide gradients were analysed for the hindgut communities of crickets fed each of the different diets. The density gradients were carefully removed from the rotor and aliquoted to microcentrifuge tubes as 100 µL fractions using a gradient fractionator (Model 640, ISCO, Lincoln, NE). The refractive index of each fraction was determined using a Bausch and Lomb refractometer (Model ABBE-3 L, Milton Roy Co., Rochester, NY). The DNA concentration of each fraction was determined by UV absorption (OD 260 ). The percentage G + C of each fraction was determined from the RI using a standard curve of percentage G + C vs. RI made with genomic DNA of bacteria of known percentage G + C (Clostridium perfringens, 31.0%; Enterobacter aerogenes, 57.5%; and Corynebacterium flaccumfaciens 70.4%). The linear correlation (R 2 ) was 0.987.
Results
Direct counts of the Acheta domesticus microbial community ranged from ≈ 1.0 × 10 9 to 3.0 × 10 9 cells per gut ( Fig. 1) and did not differ significantly between diets. Bacterial densities also did not vary with diet as determined by aerobic (Santo Domingo 1994) and anaerobic (M. G. Kaufman and M. J. Klug, unpublished data) viable counts. Production rates of different fermentation products were measured as an index of the metabolic activity of the hindgut community. Similar rates of hydrogen evolution were observed in the hindguts of crickets fed the pulp and protein diets. However, such rates were significantly higher in the hindgut of crickets fed chow or alfalfa (Fig. 2) . Rates of CO 2 evolution were significantly lower in
I N F L U E N C E O F D I E T O N T H E C R I C K E T H I N D G U T B A C T E R I A L C O M M U N I T Y 763
hindguts from crickets fed the protein-based diet compared to crickets fed alfalfa or beet-pulp diets (Fig. 2) . Similarly, the total volatile fatty acids (VFA) evolution rate was lower in the protein-fed crickets than in those fed on alfalfa or beet-pulp diets. Protein-fed crickets exhibited the highest ratio of butyrate to acetate and butyrate to propionate (Fig. 3) , although the rate of total VFA production for crickets on the protein diet was less than for crickets on alfalfa or pulp (Fig. 2) .
We evaluated four different methods for bacterial lysis and recovery of DNA from the cricket hindgut community. These methods ranged from large-scale protocols (Ausubel et al. 1987; Holben et al. 1988 ) requiring purification of nucleic acids using CsCl-ethidium bromide gradients to small-scale DNA-extraction procedures (Ausubel et al. 1987; Visuvanathan et al. 1989) . The method of Visuvanathan et al. (1989) , which was reported to lyse both Gram-positive and Gram-negative bacteria, resulted in a 91% reduction of the direct counts and ≈ 99.9% of the viable counts (data not shown), indicating highly efficient lysis of the gut bacterial populations. The DNA yield using this method was 6.29 µg of DNA per gut, which is equivalent to a recovery of 35% of the theoretical DNA yield estimated from direct counts and an average DNA content for bacteria of 9 × 10 -9 µg per cell (Holben 1997) .
Considering the indicated lysis efficiency based on two different analyses, it seems likely that the relatively low recovery of DNA reflects nonspecific loss due to postlysis processing steps (e.g. phenol/chloroform extractions and isopropanol precipitations) rather than large numbers of bacteria refractory to lysis in the starting sample.
The genomic DNA extracted was ≈ 25 kb in size as determined by agarose gel electrophoresis. None of the other three methods assessed lysed more than 45% of the hindgut bacterial community (based on direct counts) and yielded less than 2 µg DNA per cricket hindgut. Subsequent work was performed using the modified Visuvanathan method as the DNA recovered was considered to be representative of the entire community based on lysis efficiency.
To investigate whether diet changed the structure and composition of hindgut bacterial communities, we generated profiles of the gut microbial community DNA in terms of DNA relative abundance vs.%G + C content (Fig. 4) . The bacterial community profiles of crickets on chow and alfalfa diets exhibited a broad distribution of DNA ranging from about 27% to 60% G + C content (Fig. 4a) . These broad peaks are indicative of the presence of a relatively rich number of bacterial populations spanning this percentage G + C range as individual populations typically generate a single, coherent peak whose central point is in good agreement with literature values for that bacterial species
© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 761-767 Fig. 1 Bacterial densities of cricket hindguts from animals fed the indicated diets and determined by acridine orange direct counts (AODC). Triplicates were used to determine each value. Bars represent standard errors. Fig. 2 H 2 , CO 2 , and VFA production from in vitro assays of hindgut communities derived from crickets fed the indicated diets. Values are concentrations per mg of gut fresh weight after 3-h incubations and are presented as mean ± 1 SE (n = 6). Fig. 3 Percentage of the total VFA (see Fig. 2 ) as acetate, butyrate, and propionate from crickets fed the indicated diets. Values are mean ± 1 SE (n = 6). (Holben & Harris 1995; Holben et al. 1997 ; Fig. 4c) . Thus, the generalized distribution of DNA across this broad range of percentage G + C content is consistent with the presence of a diverse bacterial community representing multiple phylogenetic groups as the majority of known members of bacterial genera typically have percentage G + C contents spanning a range of less than 10% (Holben & Harris 1995) . Crickets fed cricket chow had a rather equitable distribution of bacteria across the 27-60% G + C content range, while in crickets fed alfalfa, bacteria of 35-45% G + C content were relatively more abundant.
Two distinct peaks in the bacterial community profile, one at 35% G + C content and the other at ≈ 43% G + C content were obtained from crickets fed beet-pulp (Fig. 4b) . No DNA from bacterial populations with a G + C content higher than 47% was obtained from crickets on this diet. This G + C profile with its narrower, sharper, bimodal appearance is consistent with a less-complex community with no component populations of high percentage G + C content. The bacterial community from crickets on the protein diet also was bimodal in appearance with peak DNA concentrations centred at about 39% and 53% G + C content. This community profile is also consistent with a less-complex bacterial community than was indicated in the alfalfa-and chow-fed crickets and is also different in composition from the community observed in beet-pulp-fed crickets.
When the antibiotic metronidazole was added to crickets fed chow, the community profile changed to two predominant DNA peaks at 47.5 and 55% G + C (Fig. 4c) . The sharp nature of these peaks and the clear differences between this community and those not treated with metronidazole indicates that this drug has had a profound effect on the gut community, probably by reducing the number of anaerobic bacteria (Bracke et al. 1978) .
Discussion
Diet affected both the structure and function of the cricket hindgut microbial community, although the microbial densities remained constant. The protein diet caused the most dramatic change as the rate of H 2 , CO 2 , and total VFA production was less than for all other diets. The community profile for this gut community indicated decreased complexity compared to the communities observed in alfalfa-and chow-fed crickets; particularly noticeable was the virtual absence of bacterial populations having 45-50% G + C content. The pulp diet also appeared to reduce the complexity compared to that of chow-and alfalfa-fed animals but to a lesser extent than for the protein-based diet. One possible explanation is that the variety of soluble carbohydrates in beet-pulp is reduced compared to alfalfa as the pulp diet is based on root material after sugars have been extracted while the alfalfa diet is composed of ground but otherwise unmodified leaf and shoot material. While no direct evidence was provided by this study, this suggests a possible link between substrate diversity and the predominant populations in the cricket gut community. Overall gut fermentation, however, was not significantly reduced by the pulp diet as CO 2 and VFA production rates were approximately equivalent to those observed for chow-and alfalfa-fed crickets.
The results indicated that the composition of the cricket hindgut microbial community is mostly dominated by bacteria whose DNA has a G + C content of less than 55%. No DNA fragments with a G + C content of more than 60% were detected for any diet. Bacteria with a G + C content greater than 60% tend to be oxidative in their metabolism and dominate soil environments and the plant phyllosphere, the normal habitat and food sources of these crickets (Martoja 1966) . In fact, typical soil bacterial communities are dominated by bacteria in the 55-75% G + C range (Holben & Harris 1995) . Hence, the cricket hindgut community seems to be one that is
I N F L U E N C E O F D I E T O N T H E C R I C K E T H I N D G U T B A C T E R I A L C O M M U N I T Y 765
© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 761-767 selected by the gut conditions and not simply reflective of the ingested microbiota.
It is interesting that overall microbial densities, as determined by direct counts (this study) and viable counts (M. G. Kaufman and M. J. Klug unpublished data), did not change after altering the crickets' dietary regime, while changes in the community structure and metabolic profile were indicated. One hypothesis is that the changes observed in the VFA profiles are a result of the de novo induction of different metabolic pathways without changes in the relative abundance of the hindgut microbial populations. However, the results in this study showed that the hindgut community percentage G + C profiles changed after changes in diet, implying that shifts in the numerically dominant populations occurred due to the dietary perturbations. It is perhaps surprising that these diets did have as much impact in the community structure as was observed because they are thought to contain rather common substrates which most gut-inhabiting genera should be able to metabolize. Because of the difficulty of culturing many of the members of this community, these results underscore the value of studies based on directly extracted community DNA to study the structural dynamics of insect gut communities. Further studies are needed to demonstrate whether changes in the numerically dominant populations are truly responsible for the changes in fermentation profiles observed in Acheta domesticus.
The percentage G + C profile method indicates community composition with resolution at approximately the family to genus level, and thus much diversity at the species level and ecotype level could still be present, even in communities with apparently low complexity. While this is admittedly a coarse level of resolution, differences in the overall structure of the microbial communities in the guts of crickets on different diet regimens were clearly demonstrated. As percentage G + C content is indicative of bacterial taxonomic groups (Holt & Krieg 1984) , such information can also be useful in devising improved culturing strategies. This approach thus represents an appropriate tool for comparative studies of total bacterial community structure in a single, relatively simple analysis which was the objective of this work. It is, however, not well suited to demonstrating the presence or absence of specific groups, genera or populations without being coupled to additional analyses with finer resolving power, such as hybridization analyses with highly specific functional or phylogenetic probes. Moreover, this method is not sensitive to minor members of the community. However, it is reasonable to assume that many microbial processes are largely driven by the most-abundant group of microorganisms inhabiting flow-through ecosystems such as the insect gut.
